1. Abbreviations used in this paper: CE, cholesteryl ester; CETP, CE transfer protein; HDL-C, HDL cholesterol; HuC-Ill, human apo C-Ill; Tg, transgenic. In human plasma, cholesteryl ester (CE)' and triglycerides are redistributed between lipoproteins by cholesteryl ester transfer protein (CETP) (1) (2) (3) . In humans CETP has an important role in the catabolism of HDL, as illustrated by genetic CETP deficiency where HDL cholesterol, and apo A-I levels are elevated (4) . The risk of coronary heart disease in humans is strongly inversely correlated with the plasma concentration of HDL cholesterol (HDL-C) (5) (6) (7) . However, the role of CETP in the development of atherosclerosis is uncertain. Kinetic data (8) and in vitro studies (9) suggest that CETP could be antiatherogenic through transfer of HDL-CE to triglyceride-rich lipoproteins, which are subsequently cleared by the liver. On the other hand, CETP might be proatherogenic as a result of enrichment of triglyceride-rich lipoproteins with cholesteryl ester at the expense of HDL cholesterol levels.
We have been using transgenic technology to study HDL metabolism and the role of CETP in the regulation of HDL-C levels (10) (11) (12) (13) . Mice have low levels of CETP activity and the introduction of a human CETP transgene results in reduced HDL cholesterol levels (13) . CETP expression has a more pronounced effect on HDL cholesterol levels in transgenic animals expressing human apo A-I (14) . The introduction of the human A-I, apo C-HII, and CETP genes into transgenic mice produced a high triglyceride, low HDL-C lipoprotein phenotype (15) . Human apo C-HII gene overexpression causes hypertriglyceridemia with a significant decrease in HDL-C and apo A-I ( 15, 16). In the hypertriglyceridemic mice, human CETP gene expression caused further reduction in HDL-C and profound synergistic reduction in apo A-I levels and HDL size (15) .
To study the role of hypertriglyceridemia and CETP in the development of atherosclerosis, we crossbred mice with human apo A-I, apo C-III and CETP transgenes. We examined the effects of hypertriglyceridemia with or without CETP on the background of mouse or human apo A-I on the propensity to develop atherosclerosis. We found that the presence of CETP inhibited the development of early atherosclerotic lesions in hypertriglyceridemic mice.
Methods
Transgenic mice. Transgenic mice were created as previously described (10, 13, 16, 17 ide levels are -600 mg/dl (17) . One line of human CETP transgenic (HuCETPTg) mice was used (13) . This line was made with a DNA construction which contains a CETP minigene driven by the mouse metallothionein-1 promoter. Also, two lines of transgenic mice (4867, 4868) were used which contained both the human apo A-I and apo C-III genes (18) . In these lines, the apo A-I transgene was expressed equally in the liver and intestines, and the apo C-Ill transgene was expressed primarily in the liver (> 90%). The human apo A-I and apo C-Ill levels were similar in the two lines (18 Blood sampling protocol. Animals were housed with alternating 12-h periods of light (7:00 am to 7:00 pm) and dark (7:00 pm to 7:00 am) with free access to food and water. Mice at 12-16 wk of age were given a high cholesterol diet which contained 15% (wt/wt) fat (primary fat source is cocoa butter), 1 .25% (wt/wt) cholesterol, 0.5% (wt/wt) sodium cholate and distilled water supplemented with 25 mM ZnSO4 to raise the level of plasma CETP. In previous studies, it was shown that the addition of zinc to the diet has no significant effect on the lipoprotein profile in the HuCIIITg mice, whereas it maximizes the effect of metallothionein promoter driven CETP transgene in the HuC-III/CETPTg mice. At the end of a period of 4 mo (16 wk) treatment with high cholesterol diet, blood was collected after an overnight fasting from the retroorbital plexus under methoxyflurane anesthesia. Histological analysis. Mice were then killed, and hearts and aortas were fixed in 4% phosphate-buffered formaldehyde for five or more days. For the quantitative assay, hearts were embedded in 25% gelatin. The quantitation of atherosclerosis was performed in a blinded fashion. Processing and staining of tissue were carried out according to Paigen et al. (19) and quantitation of the lesion area was performed by the modified method of Rubin et al. (20) . For qualitative analysis, hearts and aortas were fixed and embedded in paraffin. Sections 
Results
Several types of transgenic mice were used to study the influence of hypertriglyceridemia in the presence or absence of The average number of aortic lesions in the HuCIIITg and control mice was not significantly different: 3.4±0.8 and 2.7±0.6, respectively (Fig. 1) . On the other hand, in HuCIII/ CETPTg, HuAI/CIIITg, and HuAI/CIII/CETPTg mice, the average number of aortic lesions per mouse was significantly lower than HuCIIITg and control mice: 0.9±0.4 (P < 0.01), 1.5±0.5 (P < 0.05) and 0.9±0.4 (P < 0.01), respectively (Fig. 1) .
The mean lesion area per mouse in the different groups was f-control (n=29) next analyzed. The mean lesion area per mouse (log transformed) is 48% higher in the hypertriglyceridemic HuCIIITg mice compared to controls (P < 0.05, Fig. 2 ). The introduction into the HuCIlITg mice of the human CETP transgene (HuCII/ CETPTg mice), of the human apo A-I transgene (HuAI/CIHTg mice), or both transgenes (HuAI/CIII/CETPTg mice) resulted in reductions in the mean lesion area per mouse by 55% (P < 0.005), 50% (P < 0.01 ), and 62% (P < 0.005), respectively (Fig. 2) . Thus, both human A-I and human CETP decrease the severity of atherosclerosis produced after 16 wk of the atherogenic diet.
Animals appeared grossly normal after death; however, the prevalence of gallstones was higher in HuCIHTg mice (86%), compared to control (53%) (P < 0.05). The introduction of human apo A-I or CETP to HuCIHTg mice also reduced the prevalence of gallstones to 50% in both HuCIH/CETPTg and HuAI/CLITg mice (P < 0.05). The introduction of both genes to HuCHITg mice caused even greater reductions in the prevalence of gallstones to 21% in HuAI/CHI/CETPTg mice (P < 0.005).
Since the results of our study appeared to be in conflict with an earlier report showing an increase in atherosclerosis in simian CETP transgenic mouse (23), we carried out a separate study in which human CETP transgenic (n = 6) or control (n = 4) mice of similar mixed genetic background were fed the high cholesterol diet for 7 mo. Quantitation of atherosclerotic lesions in the proximal aorta showed a 2.2-fold increase in mean lesion area in human CETP trangenic mice compared to control mice (P < 0.04 by ANOVA or t test).
Discussion
The primary objective of this study was to assess the effect of CETP expression on the development of atherosclerosis in the high triglyceride low HDL-C mouse model (15) which resembles a common human dyslipidemia. We found that CETP expression inhibited the development of early atherosclerotic lesions in the proximal aorta of hypertriglyceridemic mice. The CETP effect was consistently measured as fewer mice with lesions, a lower number of lesions per mouse, and a decreased mean lesion area. The antiatherogenic effect of CETP expression occurred despite lower HDL cholesterol levels, suggesting that CETP may enhance overall reverse cholesterol transport, even while lowering HDL levels. However, as in an earlier study (23) , CETP expression in the absence of hypertriglyceridemia resulted in an increase in atherosclerosis, indicating that the results of CETP expression depend on the metabolic context.
We have also demonstrated that on a high cholesterol diet, "CE 3.0 (n=29) Mean lesion area was determined in the proximal aorta by quantitation of intimal lipid accumulation from Oil-red-O-stained sections according to the method of Rubin et al. Statistical analysis (one-way ANOVA, log transformation) indicates the mean lesion area per mouse is 48% higher in HuCHIlg mice, compared to controls (P < 0.05). The introduction in the HuCLIImg mice, the human CETP transgene, of the human apo A-I transgene, or both, resulted in reduction in the mean lesion area by 55% (P < 0.005), 50% (P < 0.01), and 62% (P < 0.005), respectively. Statistical significance was determined by ANOVA. hypertriglyceridemic mice have a significantly larger mean lesion area compared to their control littermates, but the effect is small considering the high levels of triglycerides in these animals. Another line of HuCIHTg mice (2721 line) with even higher expression of human apo C-III and higher triglyceride levels ( 17 ) had a further increase in mean lesion area per mouse compared to controls (data not shown). The relation between hypertriglyceridemia and risk of atherosclerosis and coronary artery disease is controversial, and this study suggests a modest direct effect of hypertriglyceridemia on atherogenesis.
An incidental finding in our study was a higher prevalence of gallstones in the hypertriglyceridemic mice compared to controls, and a lower prevalence with apo A-I and CETP expression. The mechanism is unknown, but it is interesting to note that humans with familial hypertriglyceridemia have an increased risk of cholelithiasis (24, 25) , associated with a smaller bile salt pool (26) .
In contrast to the present findings, Marotti et al. (23) demonstrated that transgenic mice expressing cynomolgus monkey CETP had significantly more early atherosclerotic lestions in the proximal aorta, compared to controls when fed a high cholesterol diet. The reasons for the different findings appear to be related to the presence of hypertriglyceridemia in our model due to the presence of the apo C-III transgene. In our study, CETP levels were lower and comparable to human CETP levels (2-4 ,ig/ml) but the effects of CETP were amplified by expression in the context of hypertriglyceridemia. Both approaches achieved comparable reduction of HDL-C (14, 23) . However, CETP expression in hypertriglyceridemic animals produces a much greater reduction in HDL size (14) . These small HDL particles may be optimal mediators of cellular cholesterol efflux (27) .
In the earlier study (20) , an inbred strain of C57BL/6 was used compared to the mixed C57BL6/J X CBA/J background in our study. The contribution of this difference to the different results in both studies is doubtful, and in our experiments, possible uncontrolled genetic variation was compensated for by studying large number of animals. A shortcoming of both these studies is that only atherosclerotic lesions in the proximal aorta were assessed and these lesions were very small. In the future the effects of CETP expression in more robust gene knock-out models of murine atherosclerosis will be assessed such as apo E-deficient mice (22) .
Human apo A-I expression has been shown to inhibit the development of early atherosclerotic lesions in C57BL/6 mice (20). Subsequently, it was shown that crossbreeding of HuAITg mice with the atherogenic apo E-deficient mice inhibited the development of more advanced forms of atherosclerosis (28, 29) . In the present study, we also observed a protective effect of apo A-I against atherosclerosis in the hypertriglyceridemic HuAI/CIIITg mice. We found that CETP expression in the hypertriglyceridemic mice has an antiatherogenic effect comparable to that of human apo A-I, despite opposite effects on HDL-C levels (Table II, Figs. 1 and 2 ). These studies suggest that the dynamics of HDL cholesterol metabolism are equally as important as HDL levels in determining effects on atherosclerosis.
There are several possible mechanisms by which CETP may inhibit the development of atherosclerosis. One proposed mechanism is the enhanced catabolism of HDL-C induced by CETP, which may promote reverse cholesterol transport of cholesterol from the artery wall to the liver (14) . CETP may promote a hetero exchange of HDL CE for VLDL triglyceride; subsequent lipolysis by hepatic lipase may produce smaller HDL particles (30) . The formation of small HDL species may result in enhanced ability to promote cholesterol efflux from cells in arteries. Also, CETP induces depletion of free cholesterol (FC) and reduction of FC/CE ratio in all lipoproteins perhaps due to stimulation of lecithin:cholesterol acyltransferase (LCAT) activity in vivo (13) . The depletion of FC in lipoproteins may reduce net influx or enhance net efflux of cholesterol between plasma and arterial cells. Other less certain possibilities could be local synthesis of CETP in lesions which may increase cholesterol efflux from the artery to the liver.
Consistent with our findings in transgenic mice, recent findings in human genetic CETP deficiency indicate an increase in the susceptibility to coronary heart disease (31 ) . Even though subjects with genetic CETP deficiency have increased HDL-C and apo A-I levels, they have an increased prevalence of coronary artery disease (31 ) . Thus, the results of CETP expression in the hypertriglyceridemic model appear to be relevant to human pathophysiology.
